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INTRODDCTION 


The purpose of this study was to exam the possibility of designing 
a zoom lens appropriate for use on a comet explorer. The system 
requirements were as follows: 


Variable focal length 
Image size 
Resolution MTF 
Spectral range 
Volume 

Back focal distance 
Object focal distance 


200 to 2000 mm 

18.6 X 18.6 mm 

30% at 28 line palrs/mm 

500 to 1000 nm 

30 X 30 X 70 cm 

90 mm 

10 mm to Infinity 


The general requirements were to design a system with a variable focal 
length ranging from 20 to 200 cm with an overall length somewhat less 
than 100 cm. The requirement to place the entire system within a length 
less than the maximum focal length placed severe restrictions upon the 
design. The requirement of a wavelength range of 0.4 to 1.0 ym produced 
an even greater limitation upon the possibilities for a design that 
Included a catadloptrlc front end followed by a zooming refractive 
portion. 

There were other requirements relating to the range of focal 
distances needed and the weight and specific package within which the 
lens would fit. These requirements were considered of secondary 
Importance to the major question of whether a lens could be designed to 
fit within the length constraints. 
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To examine Che possibility of such an optical system, some 
potential designs were examined by Mr. Douglas Ricks. Re began the 
project as a class exercise and continued it through the summer period, 
but had Co scop work and return to his employer in mid summer. 
Therefore, a successful design meeting all of the space and wavelength 
requirements was not completed. Some of the designs Investigated have 
the potential of being carried on toward a final design, but meeting the 
space, wavelength, and zoom range requirements does not seem to be 
possible. It may be necessary to make some compromises in the 
specifications or the operational approach in order to obtain a useful 
system. 

A survey was carried out of presently available zoom systems. One 
approach showed the possibility of meeting the requirements and should 
be followed up. 

The requirement for the wide wavelength range necessitates the use 
of a caCadioptric front end for the system. As a consequence, there are 
some limitations on what can be accomplished. To estimate the effect of 
the wavelength range on the design, some simple examples were 
considered. For a refractive system, Che amount of aberration blur in 
the paraxial focal plane resulting from secondary residual color is 
given by about d/2400, where d is the diameter of the aperture of the 
lens, for a wavelength range of 0.48 to 0.66 urn, or a spectral width of 
about 0.2 urn. The requirement for this lens is a spectral width of 
about 0.6 ’^m. Since Che amount of the blur is related to the square of 
the wavelength range, this leads to a blur of about d/400. Refocusing 
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should lead Co a reduction of the blur by about a factor of 2, leading 
to a factor of d/1000 as reasonable for an estimate. Table 1 shows the 
estimated effect of this aberration on the system at various focal 
lengths for a relative aperture of f/8. 


Table 1. Approximate Effect of Secondary Chromatic Aberration on an 
f/8 Refractive Lens System. 


Focal 

length 

Aperture 
diameter (mm) 

Color blur 
(mm) 

Ip/mm 

200 

25 

0.025 

40.000 

400 

50 

0.050 

20 .000 

800 

100 

0.100 

10 .000 

1200 

150 

0.150 

6.667 

1800 

225 

0.225 

4.444 

2000 

250 

0.250 

4.000 


This table indicates chat, if no other aberrations are present, the 
spectral width limits the resolution as shown. Since the likely 
detector will have a sample distance of about 0.02 mm, a required level 
of resolution at this stage Is 1.04 or 25 lines per millimeter. This 
system would be acceptable only at short focal lengths. 

If a reflective front end were to be used, the size of the blur 
would be reduced In direct proportion to the de magnification of the 
aperture entering the refractive zoom system. If a reduction of 3 times 
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Is used, then the effective multiplier in the determination of the 
residual color blur becomes d/3000. Table 2 shows some values for this 
case. 


Table 2. 

Approximate Effect 

of Secondary Color on 

a Catadioptric. 

Focal 

length 

Aperture 
diameter (mm) 

Color blur 
(mm) 

Ip/mm 

200 

25 

0.008 

20.000 

400 

50 

0.017 

60.000 

800 

100 

0.033 

30.000 

1200 

150 

0.050 

20.000 

1800 

225 

0.075 

13.333 

2000 

250 

0.083 

12.000 


The limiting resolution for this case can now be used as a starting 
point. Therefore, we can see that the color requirements lead to a 
catadloptrlc system. 

There is another problem to be considered. The requirement for a 
central obstruction means that there will be an obstruction of variable 
size in the system, with a proportately larger obstruction for the 
shorter focal lengths. This needs to be worked out as a compromise in 
the final design, and might be inappropriate for this set of 
requirements. In addition, if an object is at a finite distance, the 
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centrally obscured aperture will produce a normally undesirable "donut" 
effect from out-of-focus glints. 

The above discussion Is only an Initial one. The use of special 
glasses and clever trading of space versus number of elements change 
the results somewhat. However, these do represent material limits upon 
Image quality and will Influence the design. 

In the following sections, Mr. Ricks discusses his design work on 
the refractive and catadloptrlc system. A brief survey of the state of 
the art follows, at least as far as could be ascertained during the time 
available. 

The final conclusion Is to look at the possible modification of an 
existing design before proceeding to the full design of a new type of 


system. 



COMPUTER STUDY 


The investigation of zoom lenses began with a three-lens system 
based on design formulas from Modern Optical Engineering . These 
formulas can be expressed as: 


R » 


✓ M, 


where M is the zoom ratio, 


A = (R-i)/R . 

L-(3R-l)(R+l)/4c>R ’ 

is the power of the first lens. 


is the power of the second lens, 

* [*a(R+D + (K4/R+1)]R/(3R-1) 

is the power of the third lens, and L is the length from the first lens 
to the image plane. 

It can be seen chat for a zoom ratio of 10, the power of Che second 
lens is more chan four times Che power of the first lens. When the 
length L is small, the denominator of the expression for the power of 
lens A is near zero, hence the power of lens A is large. A short zoom 
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leas with Large zoom ratio causes the powers of all the lens elements 
to be large. Large powers mean large aberrations that usually require 
splitting each lens Into a number of leases so that the power per lens 
is reduced. Furthermore, higher refractive indices are necessary so that 
higher powers can be achieved for the same surface curvature. 

The three-lens system required too much power per element and was 
difficult to make continuous. Therefore a four-lens system was decided 
upon. 

The function of the first lens, when positive, is to collect the 
light and begin to focus It. If the second lens Is negative, it can 
create a telephoto effect. When the second lens is close to the first 
lens, the focal length Is at a minimum. Increasing the separation of the 
lenses Increases the focal length. 

The third lens moves to keep the Image plane stationary. The 
fourth lens balances the powers and provides control of the aberrations. 
In Zoom Lenses by A. D. Clark, various types of zoom lenses are 
categorized according to whether the Image plane is held stationary by a 
nonlinear movement of a lens (the mechanically compensated type) or 
allowed to vary slightly (as in the optically compensated type). Clark 
lists five types of mechanically compensated zoom lenses and three types 
of optically compensated lenses. When the first and fourth lenses are 
held fixed, the second lens is negative and the third lens is positive we 
have a Type-2 lens; if the third lens is negative, we have a Type-3 lens. 

The Type-2 design was used with the variation of having the fourth 
lens negative Instead of positive. Later, as the lens was optimized, the 
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last lens became positive. In the Type-4 lens there are three moving 
lenses between stationary lenses, though the second and fourth lenses 
usually move together. The Type-5 lens has negative lenses In place of 
Che positive lenses of Type 4 and vice versa. Types 4 and 5 combine the 
virtues of optically and mechanically compensated lenses, but appear to 
be more difficult to design. Mechanically, they are also more 
complicated. 

After finding a solution for the powers and positions of each lens 

to provide a 10: 1 zoom ratio of focal lengths from 200 mm to 2000 mm in 

a space less than 70 cm, an attempt Co reduce the extremely large 
aberrations was made by making each lens into three elements. Each 
positive lens was split Into two positive elements and a negative 
element, each negative lens Into two negative elements and a positive 
element. The purpose of adding a negative element to a positive lens 
group is to better control aberrations. It is also necessary to make 
Che positive and negative elements of different glass types. The 
positive elements are crown glasses with low dispersion, the negative 
elements are flint glasses of high dispersion. 

While the addition of a negative lens of high dispersion will help 

Co control aberrations, it does require chat the positive lens have even 

greater lens power. An increase in lens surfaces and glass types as 
variables creates a gain, but the stronger curvatures cause a loss. To 
Increase Che correction available during computer optimization, one 
surface in each lens group was made an aspheric surface. 
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This lens design was faced with too many problems to promise a 
good solution. The chromatic aberrations were very large and 
troublesome. The large apertures and high curvatures meant aberration 
control could be achieved only by balancing hlgh-order aberrations such 
that a little change somewhere immediately made everything worse. Of 
course it Is Impossible to know for certain, but it began to look like 
the design would require more than 20 lens elements and would be very 
slow to correct. When the paraxial aberrations do not provide good 
approximations (as when the apertures are large and powers are high as 
In this case) real rays must be traced. When there are a lot of 
surfaces and several zoom configurations, the optimization becomes 
extremely slow. Furthermore, it becomes important to choose carefully 
which variables to use in the optimization and how much weight should be 
placed on them. Improvements do not snap into place. 

The catadloptrlc system offers several attractive advantages. 
There are no chromatic aberrations In a mirror. The aberrations are 
generally reduced because a mirror can provide greater lens power for a 
given curvature than a glass element can. Furthermore, a mirror system 
will fold a system that would be much longer if realized with glass 
optics alone. On the other hand, there are difficulties with providing 
an iris for relative aperture control. 

When the catadloptrlc system was designed to keep the size of the 
lens elements reasonable, an Intermediate focal plane was needed. A 
lens was placed In this focal plane to "relay" the Image. The mirror 
surfaces were aspheric and a corrector plate was placed In front. 
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Basically the mirror system concept seems to work well. The 
mirrors do most of the light collection and focusing without introducing 
a lot of aberrations. With the relay lens the glass elements can be 
kept small, so the entire system should be rather lightweight. 

In the mirror system the wide angles of the shorter focal lengths 
becomes a problem. It was decided to concentrate on the focal range of 
360 mm to 2000 mm. The extreme wavelength range made it difficult to 
obtain good aberration correction, so the range was reduced to 0.435 
to 0.70 pm. This was a great improvement. 

In the catadloptrlc design selected, the zooming is accomplished by 
moving glass elements after the mirror elements. The room available 
here is not great (about 40 cm) and the lens powers were still high. A 
zoom system of all positive lenses significantly reduces the powers 
necessary. It also presents other problems, l.e., it was necessary to 
add a "field flattener" Just before the focal plane to reduce the field 
curvature. 

Because of the central obscuration (from the secondary mirror) the 
clear aperture necessary to obtain a constant light intensity on the 
image plane throughout the zoom range is more complicated. At the 
shorter focal lengths only a small ring of aperture is available, thus 


reducing the MTF values 



PATEllTS 


Three zoom lens patents were received from the U. S. Patent Office 
(see Appendix A). The patent numbers were found in the booh Zoom Lenses 
by A. D. Clark. The most recent of these patents is, unfortunately, 
more than 20 years old. A great deal of progress has been made in zoom 
lenses since then. These patents describe useful general design 
considerations. Two of the patents give refractive index and Abb$ 
numbers for a representative system. 

The ACCOSV zoom system described by Takeno's patent was put on. 
The system has 32 independent glass surfaces, and uses 13 different 
types of glasses — many of them exotic. Since only the refractive index 
and Abbe number were given, the exact glasses used were not known. 
Although described as compact, when scaled up to the 200- to 2000-mm 
focal length requirements, the system became extremely long (2878 mm). 
Furthermore, the correction at 0.4 ^m and 1.0 pm was terrible, although 
this may be due to an error made in glass selection. Ray fan plots are 
shown in Appendix B. The lens was rescaled to conform to the length 
requirements, but the aberrations were tremendous with the increased 
element powers to achieve the desired focal lengths. No doubt further 
computer optimization could reduce aberrations and maintain physical 
length and focal lengths. 
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COR&ESPOHDENCE 


Letters were sent to seven companies that manufacture zoom lenses. 
The names and addresses are given In Appendix C. Of these companies, 
replies were received from three: Celestron, Angenleux, and Zoomar. In 
fact, Angenleux sent two replies from separate branch offices. 

The first from Angenleux said that their zoom 10xl8-T2 lens might 
worlc, although the back focal length was only 30 mm. To reach a longer 
back focal length, the zoom 10 x 40-Tl was needed. These lenses have a 
maximum focal length of only 180 mm and 400 mm. The f/number varies 
with the focal length. 

The second reply from Angenleux was from a different office that 
had received the Inquiry via Arrlflex. They claimed to be able to meet 
the requirements with one of their 42 x zoom lenses. Table 3 lists the 
requirements and how well the various commercial products meet those 
requirements. Further Information Is provided in Appendix C. 

Celestron did not have what was required. They do sell telescopes 
of the appropriate focal length and zoom oculars, but these zoom oculars 
would allow a zoom ratio of only about 2x and are for visual and not 
camera or photographic use. 

The Zoomar Universal Tracker combination Is a system that can be 
adapted to various cameras, vldlcons, or other Instruments. The basic 
unit has a maximum focal length of 900 mm, but Zoomar can provide a 2x 
extender to Increase this to 1800 mm. Frequently Zoomar modifies their 
products to meet customer requirements. The Universal Tracker comes 
with a 4-post filter wheel and has little room otherwise between lens 
and image plane. 
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Table 3. Comparison of Some Commercial Zoom Lenses. 


Angenieux 

10xl8-T2 10x40-Tl 42x24 42x32 


Zoomar with 
2X extender 
universal 
tracking 


Focal 

length (mm) 


Minimum 

18 

40 

24 

32 

180 

Maximum 

180 

400 

1000 

1350 

1800 

Relative 

'^^f/2.5 

•%.f/1.5 

f/1.7- 

f/2.3- 

f/11 

aperture 



f/5. 7 

f/7.6 


Image size 
diam. (mm) 



16 

21.4 

25.4 

Minimum 
obj ect 
distance 



4 m 

4 m 

800 ft 

Size 






Height (mm) 



190 

190 

300 

Width (mm) 



220 

220 

200 

Length (mm) 



'V700 

-V700 

700-800 

Weight (lb) 



'V75 

^75 

60-90 

Resolution 






50% MTF at 
center (1/mm) 
25% MTF at 



'\,15 

'\-15 

-^25 

comer (1/mm) 



'^-15 

'\>15 

'v25 
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One requirement not specifically addressed by the commercial 
suppliers of zoom lenses Is the performance of the lens at wavelengths 
other than the primary design wavelength. Angenieux shows that the 
transmission drops off to about 15% and 25% at 0.4 pm and 1.0 pm 
respectively. Neither Angenieux nor Zoomar shows how the MTF depends on 
wavelength. 
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CONCLUSIONS AND RECOMMENDATIONS 


The refractlve-opclcs zoom lens design created for this project 
must be Improved before the aberrations can be reduced sufficiently for 
the required resolution. Uhile Improvements could be made with further 
computer optimization, an' additional six or more elements would probably 
be required. Several of these would be large and utilize expensive, 
exotic glasses. Probably several aspheric components would also be 
necessary. It Is possible that no reasonable amount of effort nor 
addition of lens elements would Improve the lens performance 
sufficiently. The basic problems include too much variation of focal 
length, too large a focal length, too wide a spectral range, and too 
compact a space requirement. The present preliminary design is given In 
Appendix D. 

A catadloptric system, that Is, a system with both mirror and glass 
components, was also Investigated. The degree of aberration control Is 
much greater In this system. To some extent this Is because more time 
was spent optimizing this system than was spent optimizing the 
refractive optics system. The catadloptric system started out with 
lower aberrations. Furthermore, the spectral width and the zoom ratio 
were reduced so further progress could easily be made. Further 
optimization would certainly be possible, but meeting the resolution and 
spectral range requirements would very likely require several more 
components. The catadloptric system has good chromatic aberration 
control and low light loss, but stray light control and relative 
aperture control are not as good. Details of this preliminary design are 
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found in Appendix E. 

In conclusion, the refractive optics design would be heavy, require 
numerous elements, be difficult and time consuming to perfect, and may 
be unsuitable for near-ultraviolet and near-infrared wavelengths. The 
catadloptrlc system would also require more optimization, possibly a few 
more elements, and would have a restricted zoom range of about 360 to 
2000 mm. Of the two designs, the catadloptrlc system probably has the 
best chance of success, as long as the shortest focal lengths are not 
really needed. 

Zoomar Corporation has an existing catadloptrlc with zoom that 
begins to approach the requirements. A suggested approach is to 
determine if Zoomar can modify their present lens to fit the space and 
weight requirements. The extent to which this can be done can be 
estimated from the current design work. 



LITERATURE 


The following Is a list of some Interesting sources of Information 
on zoom lenses. A brief description of some useful Ideas In each 
reference Is Included. 

1. Monographs In Applied Optics No. 7. Zoom Lenses , by A. D. Clark. 
American Elsevier Publishing Company, Inc., New York. 1973. 

An excellent source of Information on zoom lenses. The small book 
includes a brief history, descriptions of mechanically and 
optically compensated zoom lenses, design formulas. Information on 
focusing, and mechanical factors. There are a couple of dozen 
patent numbers given, drawings, and Information on usage of 
various types of zoom lenses. 

There are descriptions of five types of mechanically compensated 
lenses (our refractive lens design is Type 2) and three types of 
optically compensated lenses. Curvatures and glass types are not 
given. 

2. Photographic Optics by Arthur Cox. Focal Press, London and New 
York. 1966. 

This book contains a good Introduction to zoom lenses and some 
helpful Ideas for mirror lens systems. There are descriptions of 
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four types of mechanically compensated zoom lenses. There are 
three pages of tables listing zoom lenses and 38 drawings. The 
longest focal length given Is 40 Inches. Specific lens curvatures 
or glass types are not given. 

3. Lens Mechanism Technology by D. F. Horne. Adam Hilger, London. 
1975. 

There Is a wealth of useful information on the mechanical aspects 
of zoom lenses In this book (the details of cam movements and so 
forth). Several of the systems described have zoom ratios of 10:1 
or more. The zoom lenses Illustrated have between 14 and 31 
elements. Again, no specific design information for optical 
design. 

The book also points out some of the advantages and disadvantages 
of mirror or catadloptrlc systems: freedom from chromatic 

aberration, low-light absorption, wide range of wavelengths, 
support of optical surfaces from the back. It mentions that 
adjustments to relative aperture are "impossible." 

4. Photographic Lenses by C. B. Neblette. 

In many mirror systems there are glass elements that optically 
come after the secondary mirror but physically come between the 
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two mirrors. Apparently with the proper baffles, you can get away 
with this. It might help to provide room for the movement of the 
glass zoom components thus reducing element powers and improving 
aberration control. 

Another interesting point was that the last lens group frequently 
contains six or more elements to reduce system aberrations. 
Distortion is always a problem in a zoom lens. 

5. The Photographic Lens , by Hans Martin Brandt. The Focal Press. 
1968. 


There is a rather good discussion on methods of design for close 
focusing. There are about 20 pages of a table listing zoom 
lenses. There are a few 10:1 zoom ratio lenses, one made by 
Fujinon goes from 80 to 800 mm for a TV format. 

6. Physical Optics in Photography , by Georg Franke. Focal Press. 
1966. 


Some help for the design of mirror lenses and for first-order zoom 
lenses. 
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7. 


Journal of the SMPTE Vol. 30. "Recent trends and developments of 


zoom lenses," by G. H. Cook and F. R. Laurent. August 1971. 

This article describes some ways Co achieve close focusing. 
Basically, one uses a positive and a negative lens of equal but 
opposite power. Moving them apart affects the distance the object 
must be from Che lens Co be in focus. There Is a description of a 
zoom lens which Is somewhat between an optically compensated and 
a mechanically compensated lens. 

8. Journal of the SMPTE , Vol. 77. "The surveyor variable and fixed 
focal-length lenses," by Carvyn Ellman. April, 1968. 

It was found that special glasses were not necessary for use in 
space. The design did avoid cemented doublets to make sure 
outgasslng would not be a problem. 

9. Modern Optical Engineering , by Warren J. Smith. McGraw-Hill. 
1966. 

Contains a good discussion of catadloptrlc systems. There are also 
some useful formulas for Che design of a Type-1 (Clark's 
categories) zoom lens. 
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OPTICAL SISTKM PATENTS 



21 



X C>. / 




Feb. 26, 1957 k h. hopkins 2,782,684 

YARXABLs* U^^CJF1CATXC!■ uriXwAA^ ST^T3^!il3 
Filed Oct. 5. 1S54 2 Sieels-Sheet 1 


Eial. 



f 


^5 

r 



A. b 




XNVcNTOP. 


22 









United States 


JL 




r 





Z,/bZ,tb4 
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2,7g2.<>R4 

VARUBLE MAGNIFICATION OPTICAI. ST'STTAtS 

Harold Horace Iloplar;?. Lcn(?on. Eo^laod, s<iirror to 
W. ■\\a'v5D & .WiS Ljjiuled. Ij'-rdtin, EncSaad. a Brit:=h 
comnon; • 

Aprlintion October 5, 1954. Strial Nc. -150^61 

Oalms prioritr, aoplicaticip Gres: GrUais October 9, 19£3 

a 

13 Clsins. (CL ?S — 57) 


Tbc invention relates to aariiNe masaiSca'.ion optical 
.systems of the tind (heiT!i!afieT r#.ned to a^ t*ie kind 
described; -f.icL mcy ls.- u>vJ . ione or ;r. ccnjcnction 
with a fjr;;i.r optic/.I sscteni (e. c. t*>- lens svstem of a 
caiTiem) to produce an ..-.cf ot cortlinuouMy variable 
size of ;\n cbjeci at a fi.'sd ui-carce from the s^Ttem. 
Sucii a system m::y be o'ei for erample in or with a 
sial.crary cine camera or leIev'« or. tr«nsmi:iii.c ccrttcra 
in order c.tr.tintiottslv tf^increa-: or decre z-c the s:re oi' 
the i.Tiipe, cci the ;ilm or ether taiece rL-ceivir.c device. 
r: cb;:;ts in the scene luv.crds v.htch the catr.eru i-- di- 
rected and thereby to pi-, e ir,c impression t. hen the him 
ii r':';efted. cr !h: te'evsion rcccis'c." is viewed, tra: the 
s ic'w.poinl ct.prd-.cht.s or rcccdss fro.m chiects in the scene 

c.'.^nrls* of jfO?’. r "*. cf 

t.h: i.inU detchhed arc dc.'crihcd snd cLaictch in. Utrited 
il!.'.tes P , tents No;. 2.5p6.!if«>. and 

Z.5I-.2"'r .'-rd U.-i;cd States pat.'.nt applications Str.al 
Nos. new Pcien; N.-. ZdA.*.,::.', dated Deccm.-'er 

Z2, iV.'r. end row Patent No. Z.Tai.tsf dated 

r;.sh. 

Ti i. an .-'n'cc! of the ir.vcntinn to provide an i.mprovcd 
Nart.c'e ni.a^-ni.ac.'.t'Dn optical sy.iem uf the Lind 
described. 

The Lnvcnticr. provides a varitTlc maptth.atioo eptfea! 
r-'tem two pos.'livc (ccz'-fr;fr‘) Imse' a.n..' 

a nen: ;;\; i dis r.er.t ) It.ns, all .'irrt.njcd oii a commeo 
ontict.l . \i> with tie two nosirivc lenses .-paced apa.-:. 
an.! t.hf ru.'C 'ti.e lens betwevn t'lr twe no-itive len-es and 
'p..ceJ Jroni ci lec.s: one of '..’.cm. ih: lens-;:, r-ti-p mov- 
ar’.e axiv.'.Iy and tlie po-idi.c Lr.ses heir.; constriiccj ,o 
mai~t...r; a coit'tant azt.ii a -t.tncc b'Ct-'ccn t.nein curtn^ 
t.heir a.va! mavemcn:. anJ. in crnirinalion with the leri«es. 
rriac."...',c...iion saryinc means fo; contiTu.iusiv and simul- 
itnccu.-iy n’''>i;r.c the two ncsit' e lenses tjid the ney.ntr-e 
•er.s t.'c.cc the optical aits relati.; to a statiooary ba.e 
or lihe seppor veen'dinj to a law- such that the distance 
front a hsc.-l point on the base a: w.'iich Lhe imaee of an 
object a; a .feseJ di-'cncc from The said feted potr.: on the 
bf. .' is acca.'atcly foc-jssed re.Tieias cossD't while ahe 
.sate ri the s-id im.-.ce is cor.iinuGjily varied t-ne 

oC'er_lion o: the atacr.ificaitnn v_r. irc ntearn, the distaiiae 
between the iir-tee rosiiion f.tr the raar ore of Lie sJd 
po-ltiie lensa. ajiJ tie coireipccJinp coniucaU oblrc: 
pOjttio.n Ton the ether of lb: said fosirivc lenses beirp 
lini.e a.ntj n^.t craci.'r itumericaii) than a vnaJi medcipf; 
of te. 5 . !t) limes, or more preferrtbiy 7 limes t the foral 
ler.cih of either of the said mc' tble lartses. This las: 
tneniinnfiS rr.njitic:; ectreres tint tie obicci uLsushve for 
the iTon: tripv^i le positi-.c ien- and lac imccc disw.nce 
for the lear mi->ab!e paskiie len- are bs'tii finite, and 
cor.-ct,ucr.i!y tie iodividiaJ iitacriiieziions prouiatej oy 
c-ch c' the said potiir-c lauscs aiaacr as the pcsi'Kjns of 
ihe-c le.’tsCi are chanced by the cpcmiion ot ih. masTwr.- 
cat. on vnryicc means. 

it IJ be apmeciated tint wben tie systsn ioduJcs 
one or mere leirscs inlerposed .>ei*ecn the rear one of tic 
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siid positive lenses and tiic fnt;d im:.ee po-iticri for he 
sysl.ni, the said im.ice pu-itior. for dasl rear one of -he 
i..id po?i.i-e les.SeS Wii. ae the pc. t. ion o. .."tc ir,t.rrric...‘-ic 
rc’I cr virtaa: in-t ge Icrmcd by ibat rear positiif lens, 

S oiberwise it aiii be li: positicn of the final jnece f'-r the 
system. Si-milarlv, when tic st-sieni -inci-a.’es o.ne cr mere 
Irnses inierpcred between the ot.her (f.'-o.’ti) cn-.-. cf '-'.e 
I id p«.;tttvc leoies zrd :h.*ccfcal cb-ec: pc . itirn ti;" s. ia 
crni'agalc object pcsili.-^ for -ahe fren: ora cl :he said 
10 positive len.-es wi!! Iw the* ioterinedicte .'■ec! o- -.^rtttd 
i.tiage thick ..cis is the effective object f-r -iha; f-ont 
positive lens, otherwise it *;;! *e the acitjal object posf, 
lion for the system. _ 

Funhermore the system is preferably designed cn^ 
IS u.sed i-d iia! the magnilitaiiorj of Jtc two mcvcole ^c-i- 
tive len.scs are of like sign, pnt.Terabiy rj:h ihn; each .mov- 
able positive lens produces ar; inverted Intaie of tic eflec- - 
tive obircl for ilul ler.-. This pieferreJ cendi;: n is 
stuLficd if the object disiance for Lhc .‘ront mo- ,bie po.i- 
20 tivc lens ia negative in sign and □> n-.e.rically greater than 
the foca! length of ih: .-aid front mo'-ab'e p-n-.tlve lens, 
and the image nt'icncc for the rear mo-sble positive ien' 
is positive in s,yn and namiricaily greater than the focal 

• IJ M* > s. 1..— . .'-ia— • 

JoJiwttt Oa (tiU SdivJ iwuJ pAJ3iLi«C .t'Jt i'.iaz. *lD 

25 cr image distance being regerded hircin Ss neeati-c or 
p.o-itivc accorui.tg a.- tnt si-.id object cr i'-nc-ge is in front 
of or at the- rear cf the lens to which i: reie."s. Vheo 
the macr.iiict.lion, of the two irova'rtc poiitive le.-.-es are 
.so ariangej to be cf l>e sign In ar> f.ivci' ro-ltiitir. of 
3d the said .movable positive icnsc‘, the said m..gr.;fi:-..:iar!S 
change in such a mcarc.'. whe-r. the Icr.ies are dUpiaced 
a; dcscribtJ 'ihovc. :h..t they hcch increase trgethtr or 
decrease logctha-c in numerics'. v;!i,..- (according as me 
sttivl disp'acemerii of the movable pcsit’vT len-o.- is m one 
3w direction or the other'), S'-.J hence both ttci in the same 
sent.- So far a- the;: t.'Tcc’ ir irctr.isir.g c.r ;ict-rec--ng the 
size of the f.ved fir.al i.magc is ccr,.c'"rieJ. Vvl-.e.-i ti.t 
mo'-.'Mc positive len.vfs a.-e ditplcce.-" rci.tive to the base, 
by the operation cf the mter.ifi:;t.cn v-: rt ing mitar.'. the 
<•) mc-'t.b'.e negative lens i- sim.-altcnec-atly dl;p!-.c;d by me 
Said macna.ficsiiv.-r. varyirg mean- bv a.n a.moi 
that the di.siarre from as o'r-cc: in a f.veJ position rela- 
tive ID the base to the i.Ta ge cf liu.t cbjeci pr.iiiiced bv 
the action of i|ie i-«o m.-ivable po-itiv. lenses and the 
movacle ncg;.:-vc Icr-. laf:.*. loccihc: remains constact. 
T.ierc will be, in genen;;. iv c po-itic-.nv of tbc mc'-cbl: 
negative lens for which this co-rdifeo is sctffifj cna to 
di-iingiil-h bc’-ween the;; tvo posiiians the mo-, emer.r of 
the movable negative le.n; relative to tl.a: o' .h, lucvab!; 

SU po-itive lens-s is g'e.ferio!; crra.nged '-cr. :ha: d-.: m.agr.i- 
I'ct-iion of -he mo -a'rlc .negative Ien- increc.se- o" de- 
creases r.americai:;-- according a' the ctacni.fic. -ions of 
(he movcH-. ,n<.'si;:ve hnsss increz.se cr deere: -e -n au 
meriani vaiua. The irdl. .i-jc! .'-.acrdficaticn- rf the 
55 three movable lenrca liter .im.ltazeca-.ly and ;c'.n;;na- 
ously increase or ileeretu'c in remerica! value a.t tint posi- 
t(ons of the said three movable lerse= are simLl:.'.riro,;;’y 
an.:! ciintinusvii.ly v.nred by the oceretlon cf tiiv m.-etd '- 
caUDr. vary-ing nieans, and. this con,-;i:uie- a 'i.lu.ible prr- 
60 far: ;d fcit-.i.'e of the invention. 

The ranpes of noveirer.i of the lenses are preferably 
such that the maaiinum and minL-rtum m.agrT.cctiors cf 
ihe .system are recitroezis one rtf the c'dier. This is ad- 
vantageous in cc.'.eclicg the aberrarloo: of the sysieau 
(•^,5 The two movsb.e positive lenses pre.'enably b-.vc ec'ad 
focal lengths and tie mir ements cf the three rrtrvabl- 
lertses are pvTi'crubly such thal durng their range of 
mcverTiCjts the posilioa of tie neralive lens rrlctiv; to 
the tw-Q positive lenses eha.nges trea near one of the 
jij positive ler.'es (to gfve one limit value of marrt-lficacjo.) 
to near the ouher of the positive iertses (to give anaiier 
lunit value of magnifiaaiipa, which irn:' value is tlie ic- 
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cf p ro gJ ’ of Uii o.'her I'jnil \"£lue). The foui iMEths 
of rtif !ms« of >he ‘Viieai arc prefcreblv saca as to 
sive ap; rcTinaiely ;<;L:aI amocms of positive and nega- 
tive pr* *r in ihe sv-.im. 

rhe mr-jimua*. c’itiance ihtouph which it is necessary 5 
for the r.e;r.!ivc lens he moved has been found lo de- 
pend upon ine value of tiie said constant axial dislance 
beiwecr; ih; twr. pcsiiive ier.ses. It has been found that 
the necesiary d-sniacement of 'he negative len<. relative 
to a fiveti point oi> the base, is in one sense lor small J** 
Ta'u's of the convipnl axial distance beiweeii Uie two 
ppsiuse 'er'.ca and is in the opposite sense for suitable 
larger values of dial constest disiocce. To simplify t.he 
meclsa-icpi dcaijn cf the macr ftcation vars-ing means 
the Value of the cunstant axial rsiance bet»een Ihe two 
piit'vj lenses nfey be ciicsen so ^at the cistance through 
which tue neg.ptivt l-ns has lo be moved is at a minimum 
cr at least ii small. Vo saiisfy other cpadiiions. how- 
ever, fe. g. eorreetica of aberrations) it nay be desirable 
to emplry a ii5;rent censtant axial diriitcc bcitvetn 
th'- pnsi-.rvj lenses an.d consequently lo move die negative 
. tens thrt ugh a larger distance. It has been found that 
aa increase in the value of lie ronutant axial distance 
cetwfen tne t»o positive lenses rrsulis in it being neces- 
sary to move these lenses uhrough a smaiter disi 2 ,nce 
relative to the base lo aJiicve ary given .'-.age of macnifi- 
caticn. r.nd that, altcrnatisely, iTos'ement cf ie pori- 
nve lep-c.s through the same distance provides a greater 
rarge cf micniftcaiioa. 

In ccn'unnicn v.iih any given focal 'encth fur the 
ntgaiisc lens, the positise lenses may base ary of a 
range cf focal lengt.hs. An increase in the value cf Ihc 
foci! lengths cf the positive lenses enables a grtaler rang; 
cf m."'gr:i’c;-.;ion lo be achieved. 

In ihe system of ihe nreseni irvention the individual 
ir.agniiicciions of sU cf the ll.rcu novarlt lenses charge 
in on: a.rd the same direction wiiea the magniScao'on 
varying means a~: operated lo change in.’ magriScatior 
of th' corrplel; sysierr 0>nsec,urrily Ihe three lenses 
all cortnb '.tc in the same -ense tl e riesi’ed change -ni ' 
magnifiaaticn. 

The i-'TMion cnobie, lery 1-rrc variariers of mat- 
nincaiion to be ob,a:nei without the over- II length of 
the system beirt excess've. 

The '■•stem may include two n.xed or suiionary lenses ■*’’ 
posiucrcd cn the cytical axis. reLpeciively ogticrlly be- 
fc.'S a.nj after rhe three rrosacle len.ses. The stationary 
I=rses,ma\ be both of the .same sign and are prefer.ably 
pcih pi.'vitive lenses. They are preferably of equal focal 
lengib. ard symmetrically positioned about t.he mid-pcsi- ■*'• 
tion cf the three movable lenses. The irriusion cf such 
a pair c.' fixed pusilive lenses iiicrease.s ihe overall length 
cf the ‘.'item but factiil-itcs the correction of aberrations. 

T>.e c.tte:: r,f rhe fixed tenses is to inrreas the angle of 
rays o'' the axial pencil, thereby affording the possibiliiy ’ 
of .m increased relative aperture (lower 1' number) with 
ihe 'u.mc linear le.n« di.a.meiers, !n ihii case hy arrang- 
ing ’rat the power of the ruar fixed positive lens is greater 
Than iha: of the front fixed positive len‘ the equivalcni 
foca! leu.etl'. cf the system is reduced by a factor which 
is gr.'uter than the reduction -f the over.-.!! ImgiJ? and, 
m con-ecuenee. as stand above the advacta.re of greai 
reduction of overall length is lost. It remain', however, 

•hat wVen a large range cf magnificabon is cortenglated 
that aivartuge is obtainable and (his is of considerable C-"' 
advr.'itg; to the de'irnwr, 

Tb' ’’ditges of mover..enl of the movable lensss are 
rrtfemb'y siicn t.tal n one. rr each, limit of their move- 
i-.ve-i :hr •povaf le negativr lens lies very close to one 
of t.hc rr..nLcle p.-ssiii'c Irns. the eriierio.r of closeces* 
bring that the mnncipi! p!_ncs t f the movable negative 
krx .-■nd the :ii;-.,.rrt novab'e positive lens shall have 
a segjiation w liiri’ ,j very small in comparison with their 
tuca' iesgths. .’ fixed or normally naiicaary leas, prtf- 
erabir a nepa:.>e lens, may be posirioned opticahy ia "-■» 
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front of tbe satiable hsa asd trar be adinstabie alocg 
rite ttis to foeas rhe ^ r atti r for objects at various dis- 
tances frxan the hs.se. Ihc nonnafly stationary negative 
less may be ef such focal ksgdi that wthen it ts focused 
for an iafiiue ebjea dmaice the position cf ir.e nonncl- 
ly statiocerT neeaerc 1ms is sach thut it ju t pe.Tnits i.h: 
full ra.'.ae o' iroven cn ; of die mm ablt pmulive lenses, 
with a dea.“ucce desririnen irrtv by practical considera- 
licns. A diaptiidgni step fer the system ajay be placed 
in coniaci wit-h rfae nnwaHe nesaiive fees and when the 
whole system is wertire in iS »nd; aemte position the 
sepcrctios between the r at x ui Uy- sanonary aegative ’ens 
tr.d the frxwi: oce of tbe moverfe ridibs Imses may 
be of the order of the faeJ length of the r.oraiany sta- 
tionerv negntfve lea. If tbe Ecwaclt rrgurivs lens is 
ir. contact with the positive lens cearest to l’»: normally 
stationary aegative Isns. then tiie Slop ptnitioa so deier- 
mJned corxanr.es the exit pupil for tic rormafiy sta- 
tsmarr aep.tr-e less and. m cnnsencsKe. tbe disDo» 
ot the er>trmT:! pepti for less will he at a dista.-ic; 
resrwardly cf a of ihe order cf half its focsl length, and 
this tnesss that the incidence heig.hts for tbe prbcigal 
rays are small for a less of dns kind and hence permit 
the u<e of a large an^e field. This is of importaDce 
in correcneg ±e abarattsas. 

.■V specific c-xample of a sysrem embofyirg the in- 
vention win now be ikscribei by w-iy of exairglc end 
whh mfenmee to Ihe r-~agnpa.xx icg drawirm. in which; 

Fii-nre I is a diagrammatic Icrcimdmil section show- 
ing tl c tswied arrzreemot of the 'vrTem: 

Figure ’ is t ImgmtdmJ secfioncl rirw cf Lhc 5>'s- 
um, lakea on ufie lice Z — 2 of Flga.-r 3; 

Figure 3 is a vTifimal view raker sa the ILne 3 — 3 
of Figure i 

Figure t. a sntpb ■hewirp the mpic-ment of the 
movnrb negrrv : ley rehcive to the base. 

Figiire 3 .-hrws rcy pitlti thro; go the system, and 

Figure fi shew:, a irx>dif,stl syMe.xi im:;i:d;'g two posi- 
tive ierst. lespsCively opbcaliy before and efter tbs- three 
no’-ible ketsi. 

In ihLi esamp:.- the *ys!im comrriscj, a no.-;u;-K> i'-=- 
ttocir; negame ien-. li. two ,t.o, a: k- pos’-ke fiu'es 12, 
13 and a aovack negazve iery 14. An i.-iace ,ete;'er, 
c. g. a film, is pluoerj ai li. The irio^ehic p-ositise ieniis 
12. 13 SIS ripufr nwturr.ed or a ccrriirc 1£, which maje- 
tains ihfii 31 a cocsicn: uiicl disur.tc opart. 

The lenses are hat-ed ic a cssing 17 having 2 base 
IS. The camiac; U has wha e fs 1? wfrich run on rails 

21 sectflTd at ite esev 17, aaj the cir-iagr is prey-. 
peil.-d aketg the by a not driving wire 22 which 
fiis ia o-.ds ;T7r.-rw--d m tsc ccriiogc 21 23. 24. Thr w ire 

22 passes over rnide polleyT 25 and is wound aenril 
timss aruittWi a dntts The drum mt,y be mctc.: 
eitarr tbrecrioo by a ctnmsi knch 27. Lbcmhy to dr.',.- 
the cinittee tdottg the rads ^ ino'-e cxtalfy the tv .. 
positive kmes 12, IX 

A bkwt 31 seemed a r ^ ' a> tl«: base 12 provides a 
siaiiomry h&rT!g for a vcrJcc.' shaft 32 currying for rc- 
latipa tngfcbcr wdh i; a put.- wheel 33 -ind a cum 34. 
The gear wheel S irsihis wish a racS 3S emried by the 
carriage 14 a."d TTgiuj sEspended benecLh it by baclea 
34. Thsi as the earriage moves aiemt the rails tbe 
en gag e .ivr a between tbe ffsc wbetl 33 ar.d the rad 3S 
causes tfae caia 34 to Tpeac, ils >or-i!: r pcsiiioc at any 
jraa-m. hang <b;enniBed K' ck pevdtion of the carriage 
aiosTg the tengO: u the lak. 

The mentec aesanve Icr- 14 is carried by s 'iKfe 37 
wliich is guic^ its tuo wc uau l rarahei to the c.x:al di- 
i c oina of the Isies by snm.bk shaped parts 3S formed 
ai the up p ej end (£ t^ tiock .-1 The slide 37 bas a 
dowmwatiy projecting pin 39 wb.ch cccages with tbe 
penpher of tbe ems 34. vbe slide 37 being urged by 
a spring (an shown) so mal-.T. m the pin 39 in co.xtact 
vbb the caiii. -As ^e os Tn^xes the 37, cud con- 
seqaeisly &e uefMn t . lea >4, am toored axially in ac- 
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ordaace «iii) the requind law. Thos mancal mtaaoa 
of the control knob 27 oovxs the three lenau 12, 13, 
14 is ‘Jie required marm<»r. 

The law of movemest of fte movable lenses in this 
exarnple is as inJiciitcd in tb: foUcwiog table which shows 
the variaiian in the aaial dinances di, as, tb and dt: 


> r 

1 

1 A 

i * 

I ^ 

i * 


I «.:« 

ft.37S 

1 LO 

! 

1 ir.os 

1 S.51J5 

1 SLSb 

1 

7.4 

) 

1 IT.OIt 

I M. 1 

' <1. 

( 1 

7.0 

Ltt 1 

1 ItfUI 

1 J! t.ij 

1 dfi. 



LJ j 

1 ifco , 

7>.M 

1 2“.»i0 1 

1 1 

1 to 1 

1 m ! 

Jini 

7. ‘^ii'4 1 

! i 

1 i 

1 14 

2.5 1 

11 1:« 

T. 1 

! U!Ajf 

Z.CT1 1 

1 4.0 

1 10 1 

1 T« BO« 

{ 

1 

1«2 

LS 

15 ' 

' 13 . P4 

£.I&2 

1 

4.XQ 

4.0 i 

1 4.0 i 

I U333 

►. era 1 

tTTJC 

4,s:4 

14 1 

1 1 

1 C.«C 

tL 471 i 

1 


m ] 

5.0 1 

11 0?; 

]h,r,lj;, ] 

: iRii 


14 

5. 5 1 

li.rMi 

KOTH 1 



10 

Mr 


S.7V. 1 

2.M 

T.Jv 

1.: 

th5 1 

Kt. f.M 


< 1 

«* C3l 

LO 

7.l» ! 

n,ua 

Kfa\ ! 

LSir: 

! kn4 

0.5 

7.5 ; 

V, r**> 

P .M4 1 

: LZlft; 1 

: &X2 j 

1 0.(1 

10 . 

kiir 

f.iu: ; 


J 

i 10 
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The lenses have the following focsl lengibs (/) : 


IdBS 


Ji— 


14-..., 






The above dirsenskos are expressed in inches. 

The £rn Libit civan above includes the value of the 
focil lentil tF) cf the rvsieni, expressed in inches, for 
each of the L.v;cd posi'iors in the nic-vcment; of movible 
lenses, it w-ili be seen Lhat the ratio of the ntaximum 
to the iricini jiD focal ler.ptn (itod consequently the ratjo 
of the taaiiiuni to the triniEiusi EiicnifiaiioE) is about 
50; 1. The overall length of the systtni is only of the 
crdiT of one third of the maLimuo focal lenc'di thereof. 

l! my be 'em fna the above table Lhtt i.-, this et- 
arr.p.'c kie movemcn: of the movable aepatlvx lens rela- 
tive to a futd point on tf.e base, v^hkh movement is 
determined by the variation in •J'e nume.hcal sum cf the 
distances di and A is 'ms.l. i"'-ie variation of the stam. 
(di-rdi) with the d'sunce r\ is shown in the above fi.-si 
male asid is also shown pranhically in Fig’ .T: 4. That 
data defines the shape of the cam 34. 

Figure 5 shows the paths of mys 41 which reach the 
rystcaL paralel to the axis, from the object which in 
this example h at mfinitv L e. a very large disian; s away, 
and a ray s; from the object, which ray reaches the 
system at an ,,-ieie of abo-j; 5 degrees to the aals. 

The lens 11 forms a v'imtil image at its fo- s J3 and 
that virtual image serves as the elective ol,,k . for the 
L'ont posinve lens 12. The axhiJ distance -e'.ween the 
point 43 ant. the image mreiver 15 is ?4.67 rches, i. c. 
hnn unde: seven times the focal length of rrefa of the 
posinvc knses 12, 13. 

The lenses are shown merely disgra.mmafically in the 
drawkigs and the distances given ir. ti.; iN>ve fi."si table 
arc calcnia'.ed frora the ^aa?;i^Jea theory of thin ienves. 
The lens.*s are each k.drvitftial!y corrected for chromatic 
aberraiiccs a-td each of them may comprlve two or more 
compoceia irases etmenicd together or spaced apart by 
a fixed distarrce or .having a combinanoc of ermentieg and 
fizedspaning. 

The field cuvsnire may be readily made small as the 
absolute powers ot the ieitscs have an al,,;ebraic sum 
which is .small As the charges in magnification of the 
cccpletf systftn are enmributed u> substantiilly equaTly 
by the three movable >enset re.speciively the corictipn of 
the ether abeiratiras is facilitated. 

The system of this er.ampJK may be employed in coa- 
isaaioa with a television mnsnitiing cuaen, a eine 
. or Ae Hke but it may altematrvefy Iw employed. 
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for exaffleie, as a wiable focal length pr oj e eti or. lens for 
a film pnjemar. 

The isvertia!] is net lesirimed to die demils of the 
foregorng example. For instasce the three movable lenses 
may be employed alone, or with a pair of stationary posi- 
tive or Dcpiive lenses optically befwe and afier Lhem, 
to provide a symmeLical sy.stem of rariabie power work- 
ing about a mean magnification of tniaits I. which syslem 
is suitable for lenses of the kind known as process l.mses. 
I claim: 

1. A variable magnificatian optical system compris- 
ing two peefttve fccnvnrgcnc) lenttca and a aegatrr^ (di- 
vergent) lens, aD arranged on a coennon op deal axis 
with the two positive lenses ssoced apart, and the nega- 
li rive lens between ihe two positive lenses and spaced from 
ai least one of diem, the said letses aQ being movable 
axtally and the positive lenses being coastraiced to main- 
tain a constant axial distance between thmn during their 
axial moveaiest, and, is cosbisatiaa wim the lenses, 
i 20 magnification varying meats for caerirmc'..t!y and si- 
mulraneOGsly moving the two posidve lenses and the 
negative ler.- alone the optical axis reiative to a station- 
ary support according to a law sndi that the distance 
from a fi.ted point os the support at which die image 
Fvxwi Lrnctb 25 of an object a: a fixed distance from the said fixed point 

on the suTtpor. a accurately focussed remains coasiant 

whi'e the sice of the said imag: is coruir.uousiy varsd 
dDriiig the opeTdiioa of the nagaific; con varyLuc .T.ejcs. 
(h* distance between the image posidna for the rear one 
30 of the said positive lenses and Lhe a^.Tespondiag con- 
jugate objen position for the other of ir.t said pcoitive 
lenses being finite and not greater numerica'ly d-.a’i a 
small muJitple cf the focal length of one o: the said 
posiuve lenses. 

35 2. A variable magnification opric’I system as d.,iineJ 

in claim 1, in which the object distance fer L''e front 
one of 'he saiJ sns.’Jve lenses is aeganvc in siyt and 
numerically greeter than the focal length e: isai front 
positive I’er.u. and the image dtstance for tac rear one 
<0 c’’ ihc said pcsiii>e lenses is pc-itivc in sign and numer- 
ictiiiy crsaier than ine fuaai ieigth of Iha; mar pasitive 
lens. 

3. A variable mc^rificanon optical system as claimed 
in clnxu 2, m w.hich ahe movement of said negative Jena 
4.-, re.au.e lo mat of the said posiuve lenses is soab lhai 
i.be magnificstion cf the said negarve lens icirtnses and 
decreaic; namrncaily according as the gta g.ur c ations of 
the nia positive lenses ricreaie and decrease La numeri- 
cal value. 

M 4. A variable mngniil.mrioa optical system as claimed 
in claim 3, in which the ranges of .mov.emetn of the said 
three lenses are such laai the maximum and minimum 
nagnificalkc of the syrlem are reoprocais one of the 
«her. 

i-'i 5. A variable magsificahtja appeal sytem ^ chimed 
in claim 4. in whict the said two pir^.vc lenses have 
equal focal leugnhs. 

6. A variabie magnificauon opticai system as cUimed 
in cla’m 5 Li which the =cjvecrem.v of the said three 
ni icnses a.re such that during ihezr range of movemecs 
the pusitien of the negative iens rthlise in the tvo posi- 
tive lenses changes from itnar one of the posihve lenses, 
at one Hmt: value of mcyr.'fica'ifn, to near the other 
of the positive kssss, a: another issit value of mag- 
U sincatiotL which limii value a file recrgmol of the 
other EmiL 

7 A varisWe mcgEficatics optical system as tdeimed 
in claim 6. in which die ranges of fflO«e.m cf the mov- 
able knses are such that s one, or sso. limit of their 
70 movemems lhe said nega'jve less lim veiy nlose to one 
of the said pos-'eve lersss, the cirerion «#f cIosokss bring 
thai rise ptiisrpaj plaits cf the said "?szi:ve Jets and 
the adjacrut positive less hsve a sen, races which is 
very ssizl! is OEnpadsen wiia their fral irnyt,, 

JS 3- A vaBcfale tnagrrincarioa eprial system coapmsing 
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4 

ivo pQ6i<i*t IcsKS u1 a lens, bH urangeJ on 

2 coiTJixi.T c^ticai axis wtih the two positive lea<^ spaced 
apart, aiid ibe nejaiire lens between the I'wo positive 
lenves and spaced iiont at least one of tbetn, the saiu 
lenses aii beins movable axially and the pnsiiive Ien>ses b 
Peine s-o3s:rained to mamiain a constaisl axial dislentc 
pcivieen ihem during rbeir axial moremeoL magnifteaiioi 
van inc jneans, in cocifcLaaricn with said lenses, for con- 
tindously and sinMltacersisly nur>ing the tuo pcKiilve 
lenses and the nepirise tens aloog the optical axis rei-Mive li) 
to a .slaDooary sjppm accetdine to a law such that the 
di.'ijnce frern i fixed point cc the support at which ihc 
UTtape of an objea at a fixed distance from the said fixed 
poiut on the tappon is accurcely focussed remairs 
connani white the size of ie said image is continupusiv IS 
varied dtrioe the opciauen cf the magniPcauen vary- 
ir.g means, the distance between the image position for 
the rear one of the said positive lenses and the core- 
spor.dine corducaie objea position far the oil .r of Lhe 
s;dd positive fccxes being finite and not grester Buincri- 
caily than a snail multipk of the focal length of either 
of the >a.d pi'siiive lenses, and two staronary leases po- 
sitioned or the opiical axis, resporjvely optically be- 
fore end alter the said three movable lenses. 

?. A varicbic cagnificanon opiical syslem as daientd 2a 
in dain S, in which the siationziy lenses are both posi- 
tive lenses, arc of etjtd focal lergth and are symmeL-i- 
ca"y positio,’-^ about the mid-postitoa of the three mov- 
al’ic lenses. 

10. variib.e maptificatioa optica] system tompris- ^ 
ing two posibve leases asd a negative lens, ail arraegeJ 
cr. a cortracr optical axis with the two pcsitivt leases 
spaced arar.. and the ntcicve leas between the two 
pcji'.ivc lenses and spaced from at least o.ne of dtem. the 
said ier.scs all bclap movable axinily aad the positive 
lenses teinc cons'jraiiitd to malDiaio a coEilar.t axial 
di-ijncc b£f..ecr •diem duhng their axial movement, 
maenilimtioD varying means, in combinalioo with said 
lenses. f.:r ccnsbiucasly and simal'nneously mnvir.g the 
IVO rcsiiivc leases and the negative lens along the op- 


tical axis relnivc to a steiiona.-y supp-irt a cc w J itit to a 
law such that the distance from a fixed pevnt on the 
support ct vl.ich the image of an object at a fixed dis- 
tanc; Iron’ tlic said fixed point on the support is acra- 
ratily focussed remains constant wh-dc the size of the 
.said iiuiigc IS contiriiiously vaned during the operation 
of the niagnificction vaTying me?ns, the distance be- 
tveci; the image position for the rear one pf the s;,id 
po.sitise lenses a.nd the correspond-jig conjugtne obj.'ci 
position for the o’.her of the said positive lenses bci-.s 
rmitc and not greater njmerictdly than a small mul- 
tiple of the focal le.ncth of one of the said positive lenses, 
and a stationary lens positioned oplicaily in from of the 
said three movable lenses. 

1 1. variable magnification optical system as claimed 
in claim 10, in which the said stationary lens is a nega- 
tive lens. 

i;. A variable magnification optical system as claimed 
in claim II, in which the said siationary lens is aciust- 
ahle alo.pg the a.\is to focus the system for cbjvccs ai var- 
ious distances from the support, 

13. A variable meor.ificauon opiical systen: as clai.'utd 
in claim 12, in which the said staiicnary lens fs of mch 
focal length that w hen it is focussed for an ixfinttc obyert 
distance said stationery lens is positioned to jus: perm;: 
the full range of inosemen: of the movable posibvt 
lenses. 
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ZOOM OPTiCAL S'-’SIDt 
Harold t llovaber?cr. Bri^ditaii, wad 

Korones, RocbKJrT, N.Y, awipiots so ^ 

locorpoi^ed, Rocaicder, N.Y^ a tm|waUao « new 
York 

Filed May 79, IKL, Set fid. U3,fT4 
5 Claims. (CLUU-57) 

The preseni invemioa reiala to epeical sjaeuii and m 
more particularly relates to nayiuetmons in woa type 

of pancra’Jc opti^ syslans. 

In receci years, lens dt .gaers haw derriop ed a nam- 
ber of 20 MH type of panffatk ppacal sysMm te me on 
various tinds of optical apparatns and gcnHaHy thee 
systems are very comple-v. in stiucmre and high m cost 
whenever hich grade imagery h achieved. For ar:^ per- 
poses the maettificattcti ran^ is found to be loo litntrd , 
patiicularly when supcr.or imaceiy fa demanded along 
' with a large magiiificaucn ranee. 

li is an object of the preseni invention ID pryvide a 
novel zoom type of paneatJc optical r,stem mhid; pro- 
duces a imagi of ac objen ai z siitonsir p^ttioc, 

said system bein” corrected ic a superior manner all 
ch'omatic and rrronoch.'omatic imate aterraaens as well 25 
as disionicn and fl-irws of field, 

Ano'ier object of this mvemian U to ^oridt snch a 
device having an enraordinar^ large ci3g™ficnr-o= ranee 
of 12:1 or loore viibon: aaificing cry of the afaremen- 
tiotttd desirable optical cti ar afifrisixtv 
A sj 3 farther object is to ptwicc aich a zoom opti^ 
system having utmost stmctural and optical simpJritv 
consistent with saperior optical perfurmcncs ac-J low 

cost- 

Funhrr objects and advantages of tlirs mventon ».il 
be found n the form and airargeiwait and in the details 
of stricture of the px-ts Lhereof by refooce to the 
sv'ecificalioa herebelovr when studied in ccanesssn with 
the cccompanybg drawings in widca: 

FIG. 1 is an optical diegrun shawms a preferred form W 
of the present invention, 

FIG. 2 fa a table of consmidiotl data which fa r e lated 

to the or'ical system in FIG. I; 

FIG. j fa a char, which is eapl nr' ory c£ cmai: fea- 
tures of this invemioa. ■* ’ 

FIG. - is an opiical tfagtan of tins arrearioe showing 
ore ope.mJve posiiion iherecd, and 

FIGS. 5 and 6 are furdrer op'dsl lEagran showing 
,;iher operative posiiions thereof. 

An optical system generaHy indiratri by numeral 10 
is shown in FIG. 1 of the drawing, accoidiag to a (He- 
ferred lonn of the pressit hivTT.iira. 

According to this iirvemiocL, ad system 18 coeprfaes a 
front ler,s ■nettber 11 of positive power and a rcr leas 
member 12, of negative power which eoopei^^y WO~ 
duce a virtual haage I of an obreQ 0. said Esae being 
formed in 'die space Sj at a scnitmcry Tey . i i oa bswea 
the object O rnd the les memln 1L VteiuTn gl ntatn , 
not shiow-n, are provided for mounting un iil wrs 11 a^ ^ 
11, for avial motian. and for moving aid members dif- 
fcrentially and scuulianfcottdy aa shown in FIG. 3 wiih 
reaped to any' fiand point On their o p liol azfa so that the 
virtual image J nsy he cmtimmiBJy vacied fat size at said 
stationary posilin tterurhont a i,tnge of i r?-_ ■ ilifalH' , i ^ 
of 12;! or more. 

The opdeal constrnctkB of the leas nstsa Ifi, fa epo- 
ciaSy devi gned for sn eutgakil TwngE of itrrgrnfifa igi 
beyond 12:1 if desired and ths usthil pnpery ef the 
system fa achieved along with other high grade Sarnrei ^ 
snch as a supc.rior ccnmloti for aH di nmti c ^ moeo- 
cfaron&tic ™agp aherratimisBWEl! 


ifistortian and f,aincss of field. The front lens member 
11 has a positive focal length F, and the rear lens mem- 
ber 12 has a negative focal iengih F. per se which fa nu- 
BCrkally expressed by the inequality, 

J5Fi<-F,<.95F, 

The variable ^ace S, between the member 11 and the 
o^ea changes throughout the zoom raege and at the 
terminal ends of its travel it has the values given here- 
beJow. 

Ii^F,<5,<1.55Fi (at 1.2x) 
.9OFj<T,<Id>0F, (at 14.4x) 

lilewfae, the space S, between the lens member 11 and 
member 12 changes throughout the zooming action, vary- 
irg cs shown di.ngrammaticaily in FIG. 3. 

In toe preferred form of the invention as shown in 
FIG. 1, the front lens member 11 comprises a cotnpouad 
meniscus lens consliUng of a double concave elernent Li 
and a double convc.\ clerreni Li located in contact with 
its rear concave surface. Tue positive focal length of 
the meniscus lens (L[. Lt) has a value between j.OFi and 
6.0F, Further comp.rised in said front lens member 11 
fa a double conve.t single lens L, located rearwardly of 
said meniscus lens and beving a positive focal length 
which fa between 1.2Fi and 1.4?,. Leas L, fa spaced a 
fixed disi-nce Sj rearwaruly of the menitcus lens (L,. L;), 
$2 having a value berween .OiKF, and IIF,. 

The aforetaid rear leas member 12 is preferably com- 
posed of a double concave lens element L, havLag coa'jd 
rearvardly with a meniscus clemc,-,i Lj. the interface i; 
iberebeiwwen being conve,; loaard the front 

Regarding the compourd front lens (L.. L.), the radius 
of the fin.t Ic.v surface .R, shctlj have a value be[>s-:ea 
2.CX '.nd 2.7;< the sum of tiie radii of tie r.cxt tv. o lens 
surfaces it, arid R,. Funhermore t.be sum of the radii 
of the front and bacL le-ns surfaces R, and R^ respectively 
of lens Lj should be be'wa-er, I.54X aad 1.62X the sum 
of the radii R, and R,. W/j, regard to the rear lens 
member IX the float .nirface thereof should have a 
ladius equal to lerween Ux and 2.0x the radius of 
the rear surface R|. 

A more complete sutemeri of consL.'uclior.el data 
for the optical system which satisfies the recul cments 
of the present invention is given in the table hcisniow, 
wherein P, to R, are L'le radii of the successive lens sur- 
faces. r, to are ih: xvij liicknesse? of the successive 
lens eiemcnis L, to Ls, S, to ?, are the spaces between 
iha lenses and r.ri and r are respectively the refrucave 
ir.dcx and the Abbe nxmber respeai,ely of the classes 
in said elcmenls. 

3.SOF,<-R:<4.06r, 

.73?:<-t-R-<.!r:F, 

.73F,<t-R,<.91F, 

l.aF,<-t-/ii<l2>BF, 

1.0F;<-Re<l-^i 

J2F,<-1-Rt<-^9F, 

J3F,<-rR,<.67Fi 
J50F,</i<.061Fi 
.I.‘S5F,<r,<.190Fj 
j0y9F,<r3<.110F, 
ilSlF,<r4<.067F, 

.065, i</j<.07eF, 

1.25f,<i,<1.55F, (least m) 
-90Fi<5,<UOFi (highest m) 
.0<KF,<Sj<.lir, 

-37Fj<S;<. 47F, (least n) 
150F,<S3<3.64F, thighs m) 

1.717<.Vn( 1X1.723 
lo.96<,Vo(2)<L500 
:.51S<An(3}<«-^19 
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1JI5<.Vd( 4)<U19 
I.717<,Vj,(5)<I.723 
2S.9<ri 1X29.7 
<-6.0<rf 2X68.0 
63J<r»-?X65.5 
63J<r(4)<65.5 
28J<r(5)<29.7 

■■■hsreia F, cknoin the focal lecjth of the first lens mtm- 
ber 11, an-1 m dfLctes Ibe n)agn:'ication of iht object 
eoc per- ti«Jy produ:red by the two kns ntembcrr- 1! and 10 

12 . 

The coiKtruaiona’ data for ore successful form of the 
presen! inveniiott is riven specincal'.r in the table Mre- 
below and as shc\tTi in FiOa2 of the drawing wherein 
dtt symbols R, /. S, etc. s<re the- same as specified in J5 
Uie foregoing tabic, a.nd F.L designaus the focal lengths 
of the lenses Li to Ly 


4 

It should he emphasized at this point that the zoom 
optical system 10 as above described is not limited to 
a zoom ranee of 12:1 as mentioned in connection with 
one form of this irrveniion, bot the range may be ex- 
5 tended eonside.'abiy without snrnctnra] changes in the 
optical pans and widtoul sasrifiasg any of the superior 
optical performance stated in the objects of this inven- 
tion. 

Although only a preiarred fwm of this inven tior has 
been shesrr and dtscrited n dasiL changes may b^made 
in *he details ef ctrcst.'xrtion and form of the varts and 
substitutions may ti .gtade therein whhout departing 
from the spirit of the icveniion a claimed ij the ap- 
pended dial ms. 

We claim: - • . • 

1. A zoom type of paitcmtic ortkal system corrected 
foi'^iroinatic and acnochromatic image abeirationv^d 


Zoom ijTttm 

IMagstirtsiflnL nuu»l2:I) 


Lens 

iUdtui 1 

r.u 

Tlikkaas 

Space 


p 

I- 1 

El— irr.oi 

— C.9 

(i-ZJ ' 

c /« 'a.JW at lUtX 
^‘t«sC.»3lai;X«X 

1 

L73D 

a.3 

Ic 1 

Ei»r.c: • 

+38.2 

+s;.7 

1 

-214 

* 





R4* — 37.CT 
R«-53.46 

f3*L5 

St-aJ 

: L517 

M.3 


E*— JC.S 

t«-l£ 

« J»lS.S35atirX 
‘VlCD.;?! atl4.4X 

I.SIT 

j 

6L3 

I- 

1 Hr-16.14 

+49. fl 



J.T20 

29.3 

i 

1 




The operation of a zoom optical system constructed 
accrrd'rig to tfre al'O'.c sperifiej op;lc-l data is best cn- 
derstcod by re'erenae to FIGS. 4, 5 and 6 of the draw- 
ing wherein ray traces are shown for two typical rays, 

16 and 17. As here shown, the a.siat positions of the 
mev-abie lens me.mcers II and 12 are shown for three 
tn;-ge magr’J.hcaticr.s which are 1.2X (FIG. 4), 4.8x 
I FIG .') a.nd 14.4 x (FIG. 6) corresponding to the mo- 
riors indicated in the curves 13 and 14 of FIG. 3. Sim- 
ilarly to FiG. 1. the object O is shown at the left of the 43 
optical diagram and x irvllcalcd by the dotted lines 18, 
the lens tae.’Tibers 11 and 12 form a virtual image I, 
shown in dor.ed lires also, at an a-xially fixed position. 

As the lens me.T.ber'. ate simultaneously moved through 
iheir excursions, the virtual image remains fixed in posi- 50 
ticn at I while the macrjficaiioa of said image goes 
through '.be range cf 12:1. The sizes and positions of 
The lens members 11 and 12 are chosen so that the 
image i re.-nains c; constant tize throughout the zoom 
rc-ngt, the obsene.-' area of the object O demecsing as 55 
list m,grdfica:ion cf t-he system is increased. The sy.s- 
iem ih'is presents an Image cf constant sire which may 
be prTpiened or vi«uci!y observed through iht «ie of suit- 
able aiLsiucry optica] sysiems (no; shown). 

Given be-mbelov. is a table wherein the spaces S, and 60 
Sj are speci.fied for the aforementioned magnifioaiicn 
range of lltl as related to the optical system 10. 


Zoom P9v«r 

8i 



C139a 

I8.S35 


ei 9T0 

4b. 2J7 

lA. 

52.746 

M.9^ 

m 

S3.CTS 


S3, or 

90. 5] 9 

T *» 

SI.SM 



5C.13 

'l•.7f9 

^ £ 

449 

va>. 


«K em 

U7. IM 


47 Ih9 

14S.4T.2 


4: 409 

I5X2M 



uum 



having a substiriti-Jly 2a; field, said sjT,em comprising 
a front kns .menber which consists of a compound 
meniscus lens wr.i;.h is co.rcave on the ohiecl side and 
has a positive focal lercih of between 5.CFi and 6.0F] 
where F; :s tbe focal length of the front member and is 
composed of a front double ccncsie element having its 
soriace of strongest curvature in cuntcct wdih a rear dou- 
ble convex element arul fiuaher includes a double convex 
lens spaad a fued distance rearwardly thereof and hav- 
ing a positive focal kr.gth of between lJ2Fj and 1.4F,, 
said system cortp.rising a double concave compound 
rear lens member which is opt-xady aiigaed rearwardly 
of the front member ana has a negative focal length 
w. filch is suhsiar.b.'ily .91 F-. and wiJch is composed of 
a front double concave riermn having its sunaoe of 
strongest curvantre forming a, mterfcce with a rear 
convez-conravo element wherein the ccncavo surface 
is rearmost and has weaic airvaiiire than the inter- 
face, said members being movable whh respect to a fixed 
point on ahcT common opticri asis simultaneously and 
continuously at dif:e.'‘erii rates so as to form a virtual 
image of cominu.''’Lviy variabie sriz of aa object a; a 
r,alion 2 r' posjtion m said axis through a magniiication 
range of greater thai -t; 1, and said members being spaced 
apan a distance between J7F, aad .47F[ when the sys- 
tem produces leas: tracnificatior. and being spaced apart 
a distance betweea 3JF; and S.f-iF, when the system 
produces highest mapiifcatioii. the spcce between tbe 
object and die frerr mml-er bring correspondinglv be- 
tween 1.25Ti and USP, when the system produces kast 
magniiiotion and l>et'.veej3 .90F, and I.20Ft when the 
system ;n’odsces ibe greatest narniScaaion. 

2. A room type of pancratk op'ica! system as set forth 
is cluim 1 whenein said nmisens lens is formed of a 
double consive front dement snd a double convex rear 
demesi and further charaemrizrJ by kns radii whidi 
have SDsieTica] values as pveo taerebekrv: 

^0(Jfr^R,X5T<2.7(«^f^J) 

t54{Bj-bJ?i3<fi«-bJ?4<lA2(R3-f-RJ 






« 
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the raditts of the front sui.'acc of said negative imn- 
ber being between l.j and 2.0 times the radius at the 
rear surface of said negative member, wherein R| Is Re 
designate the radius of the Jens surfaces named in orda 
in the front lens member. 

3. A zoom tj-pe of pancraiic optical system as set 
forth in claim 1 wherein said meniscus lens is formed 
of a double concave front element and a double convex 
rear element, and viid rear nsember is formed of a front 
double concave element .nnd a rear neniscus elensent, tbs 
• constructional data for said system being given ia the 
table of inequuJities bvqbelow; 

3.S0Fi<-f?i<‘»06F, 

' l.OFi <-)-«*< 1.28F, 

•“ UF,<-/Jj«il.37Fi 

J2fi<+>7<-39F, 

J3F,<+f?,<.67F] 

.050F,<;,<.D61fi 
.155F,<r3<.190Fi 
.089Fj<tj<.110Fi 

.0S1F,<'4<-067Fi 

.CC5Fi<'s<07SF: 

].2.''F,<5i<l.f5F, (least m) 
it0Fi<i'i<1.20Fi (highest m) 
.004F|<i‘;<.)lFi 

(least m) 

3JFi<5j<3.64Fj (hiehesl m) 


6 

dc miiaenfa 1 to 3 desgnaiing the saceesaive component 
lets dements mined io o n ta~ fmm the front of the 
ayfioa, R] to R| deaotr the radii of the respective 
lenses, the rmbus Rj being related to a cemcmed len^ in- 
g lerfan ti io uenuie the tbtekneses of the successive 
Iss dements, S, represents the axial space between the 
object and the first lesis, and S] and Sj represem the suc- 
assivc spaces between the leno. po represents the re- 
fractive iulex and r re p res e nts the Abbe number cf the 
10 glass in the tespeajve lens ■ w ir»^i4 , and oi signifies the 
Bageificaticn of the image. 

A. A zoom nix of p aae ratic opdcaJ system com- 
prisins a from lens member of positive power and a tar 
lens member of rxgative power optically aligoed Ihere- 
13 arith, the from member conasirng of three lens elentenis 
and the rear me.xber coisisiing of two elements, said 
■ x m bp's being movable axiaJly simulianeous'y and con- 
tmuoasly iclaiive to a fixed point on the axis so as to 
form a vimtal image of vaiiabie sob at a stationary posi- 
S tion akog the a.xis of an object, the canstructional data 
dxrefor being given ia the tabic herehdow wherein L] 
to Ls designate the quvpvviii ' f lens dements in order 
from the front. Ri to R, denore the radii of the lens 
snrfaces, Fi. designates the focal length, to r^ denote 
£3 the thicknesses of the leas dements, S, represents the 
axis] space between the otj ea and the first lens, and & 
and S; represent the successive a.sisl spaces between the 
lenses, ertd ito and r rer.e s rra the refractive index and 
Abbe number respectiveiy of the git^" from which said 
elements are made. 



Zoom syum 




Xfos 

£^tS 

r.u 

i 

Spam 

•• 

9 

1- . j 

1 

i 

1 

! 

! ri>c4 

. r«c^- u: JJX 
a J4.4X 

L7?u 

±.2 

Itf- 1 






ftT.O 

1. 1 

r..^o 

i 

■WT.T ' 


1 

j 

L5ir 

1 

! r^2 

i 

a 9 

1 

1 

1 1 *X 

j u H.4X 

1 1,537 

(A.i 

I-. 


-H*S 



i.rjn 

Z).3 





1.717<nc(l)<1.733 

l.<;96<iiDf2)<1.500 

1J1.‘:</id(3)<1.519 

1.5I5</7d(-1)<I.519 

1.717<nx3(3)<1.723 

28.9<»(1)<29,7 

66.0<v(2)<6S.0 

63.5<»(3)<65.5 

63Ji<^(4)<65.5 

285<v(3)<29.7 


5. A zoom opiia] system ac c o r ding to doim 3 where- 
in the rear surface of the from double concave element, 
^ and 'ia front and rear surfaces of the double convex 
demtar afl have the same radius. 
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COMPACT ZOOM LENS CORRECTED OVER A 
LARGE RANGE OF MAGNTFICATFON 
Euchi Takana. Tokj^o, Japan, assi^ur to Canon Camera 
Kabnsfaiki Kashas T 0 I 70 , Japan, a corporation of 
Japan 

Filed Apr. 15, 1964, Ser. No. 360,923 
Chmis priority, application Japan, Apa. 17, 1963, 
38/19,678 

1 ChfaB. (CL 350—476) 


ABSTRACT OF TEE DISdOSLKE 
Compact zoom less baring a zomning ratio as larpe 
as 12 and a relative apertnre as great as f/i£, the lens 
being highly corrected over a large range of maanilica- 
tion wiib little rariatioo in aberration npon zooming op- 
eration; the lens comprisicg fonr comp o nents, a first fued 
convergent lens group, a second arially movabie di- 
vergent zooming lens giocp, a third lens grtwp moving 
axially corresponding to the axial movement of the sec- 
ond lens group to avoid moTcmem of the pa.'axial Lmage 
point and a fourth fixed and image forming lens group. 


This invention relates to a zo o m lens, and more par- 
ticularly to a zoom kns highly conrcied over a large 
range of maerification. An object of the mvention is lo 
provide miniatarized zoom highly corrected over a 
large range of magnification. 

Another object of the mverTBcn is to provide a compact 
inexpensive r-wai lens highly corrected over a magnifica- 
tion of at lezit ter to one. 

.Another object oi the bverttios is to provide soch a 
ZDO.T1 lens ahich is oi simple form and of a construc- 
tion suitable for economical ggaefa e r n re end trhicb is 
capable of reperior performance when used wrth photo- 
graphic objectives having a relative apemre as great as 
//I.8. 

I'unher objects and advantages will be apparent in 40 
the detafis of construcMoo and arrancemetn of pn.'ts ss 
descri’oed in toe spedficaticD baeaiier taken together 
with the drawmg, in which; 

FIG. 1 is an optical diagTam of one illcstTative form 
of zoom lens constructed accordhtg to the inveirtkm; 45 

FIG. 2 depicts the graphs rrprtsenimg the correction 
for spherieJ absrrciioa and the deviation in the sine 
condition of the zoom lens shows o FIG. 1 at the wnde, 
mean and lelephoU) positious; 

FIG. 3 depicts the graphs represMtinz the correction BO 
for astigmatism and image curvature of the zoom leits 
at the wj'ie, mean and telephcto posidous; 

FIG. 4 depicts the graphs repmsenting the correction 
for distortion of the zoom at toe vide, mean and 
telep.hoio position; and 65 

FIG. 3 depicts the graphs represecting flie correction 
for transverse chromatic aherratkins at the wide, mean 
end teiephoio j>osjiiaaa. 

It is (o be imderstood that the terms ** fi on i* and “reai^ 
as used hereinafter refer io the ads of the zoom lens so 
respectively nearer the ksego and shorter eonjugales 
thereof. 

The rnmiam rired nyim itrm system ic accordasce with 
the present iavcaiioa of foor components: a 

fixed convergent component (T). as axially movahie di- fs 
vergenl zooming ccctpocecl (D). a component moving 
axially corresponong to the «Ttal movement of said 
second cospaneni m avoid m ovea ait of the paraxial 
image point, and a fixed and imap forming componenl 
(IV). The instant system ihe fcdlowins two con- yc 

dreiossi 

(1) The fits cosjpoBzat of three positiK 


2 

members indDdes a cemented doublet of a negative and 
a positive lens , in which all the single positive lenses have 
Abbe Bcmben more than 53, and all the single negative 
lenses less than 30. satisfying the following conditioos: 

* !wi-*t/j'<0.23>i| 

Iwj 

|w,-4,^<0231*il 

and 

(KX,<X,<J,<0J 

wherein, the refractive power «i and shape factor X of 
the three positive members are numbered, respectively, 
by sobsnfpts in order from the front to rear, and the 
refractive power of the whole first component is desig- 
j 5 naiedby+i. 

The shape fadnr X is defined as 
_ l/r.-H/fj 
l/r.-l/r» 

where r, and denote respectively the rsda of emra- 
8® nire of the rear and front surfaces of the lens member. 
The definition and the mearur.g of the shape factor is dis- 
closed in “Wave Tneory of Abberation'' by H. H. Hop- 
kin, published by Oxford at the Clarendon Press, 1950, 
pages 119 ihrou^ 121. 

(2) The second component composed of three nega- 
tive membe.'S including a cemented doublet of nega- 
tive and positive lenses, in which all the negative leises 
have Abbe numbers of more than 50, and all the posi- 
tive lenses of less than 30, satisfies the fcUowing coa- 
diiioss: 

!w4-^s,-j!<0-l>a! 

Wt- ^a,al<0.i:'hj 
•nd 

-u< 2 ',<Xj<jr ,<0 

wherein, the refractive power w and shape factor X of 
the th'er mcrbfTS are numbered, respectively, by seb- 
scripts in order fre.-n front tc rear, and ie refractive 
power of the whole second component is denoted by ^ 
FIG. 1 shows one embodiment according to the pres- 
ac invention, wherein (1), (U), (lil) and (IV) denote 
the components comprising the whole system, 1. X aitd 
3 the members comprsirg the component (1), and A 
5 and 6 those eompriii.ng component (II). 

If a zoom lens system is miniarurized while maintasn- 
ing its large zDomirg ratio, the focal lengths of every 
camposent would necessarily have to be shortened, 
w h e re b y some deterioration in the correction of the 
abeiraiioES would be causei As a countermeasure against 
th-«, tbnefore, it is necessary to keep diesc focai lengths 
\dbss by widening the moving space of the movable 
component with the axial thicknesses of both said mov- 
able oosponents, widi those a: the frocl and at the back 
of the same a< thin as possmle. On the ocher hand, to 
mrnirnT- variation in chrtnnaiic aberraiioris, each con> 
poaeitt should separately be achromatized, which «c- 
compania a short radius of cnrvatu.-e of the cemented 
fj rr-. ynri an inrryas^ IQ said axiaj thicknesses of the 
enrirp cngr a. Tbocgh this increase of the axial thickses 
contradicts the above meniiosed countenneasare, ob- 
l a ii au; of the Ahbe numbers mentioned in the ahwe 
condhiens successfully dltninales these inconvecicsces 
and snSsesdy improves the aberration corrfBina. 

Abeiradon variatioos during zooming operatinu are 
acstly caused by che first and second components, and 
to such variations, the residual zbemtions of both 
compoBcss mua eondantly be Vepi nearly equal bot 
of the opposiie sign, and, moreover, to decrease variatiia 
in higher order sberrations. wrbicb is >— uj ihe con>- 
binaboa oi tbe third o rd e r aherralions erased by fte 
Ihint asd^'onnh oxtiponents as also by tbe first and se^ 
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ord ccm|>vncna, each of the firsi and second compw'ena 
should be sepcrately well ccrrecied. !n such a zooming 
system hs\ing noi only a zooming ratio as large as 12 
but also a large aperture rada the incident point of the 
refractive surfaces of the marcinal ray and the principal 
ray is greatly changed during zooming operation, and 
therefore the above memionsd etpediena are particularly 
important for such a system. For such a zoom lens system 
having a large zooming ratio i; U generally desired Uhat 
when it is set at wide position, disionion and astigmatism, 
which are conspicuous in the edge of the image held, and 
when it is set at telephom j^ition, spherical and chro- 
matic aberrations,- which are significa.-.t in the center of 
the image field, are substar::aliy highly corrected; the 
present inventive system havi'.g the first and second com- 
ponen*^ respectively composed of Lhrse members, each of 
which has power and ^ape ^cion as defined in the 
above condilio.ns, vtisfactordy ful.fiils such essential and 
general requirements. 

A preferred example of the zoom ler-s forming a spe- 
cific embodiment of the inverm'en, and having a ir.acmfi- 
cation range of about rwdve to one, is constructed in 
conformity wiO: the foIlowiEg mile where-n dimensions 
ere in terms of millimeters, and the reiraaive indices for 
the sodium Inline aad the Able divpcisiotj uumbcia aic 
respectively desig.-saied at n and v, the radii r, thick- 
nesses d, spaces s, effective focal length F, and aperture 
ratio /, arc numbered, respecdvely, by subscripts in order 
from frsni to rear. 


r »s-a 


/ i-ia 


•I “ 
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FIGS. X 3, d. and 5 sht^ respectively the aberration 
curves for the spherical abcrratiors. astigmatism, dis- 
tortion, and chromatic aberrations at th e shortest ( 6J 
inm.1. mlemicdia te ( 30 mm.) , and 'longea (75 m m.) 
g local ienfihs 'f°~nve'above mentioned embodiment, which 
provides an excel lent quality of zoom lens system ac- 
cording to this mvenlion. 

Ulsie the inveniicn is tbns described, it is not ^ited 
to* the precie valnrs ftren. airy change may ke readily 
made whbont ileparris^ frum the ^iri: of uie isveiuioa. 
What 1 claitn is: * • . 

1. A luum lens comprising four coepoaentst a first 
convergent coepunent, a t«cot)d azial.'y movable d^'cr- 
ger.t zooming componecl, a third component movmg 
]5 axially correspoocing to the axial movecumt of the scfcod 
component to avoid movement of the paraxial isA e point 
and a founh fixed and hnag: forming coirponcot, the 
lens being cocsgocted in sobvarti.*! cimpliantx with the 
following table where the dimeertons are givw in milfi- 
meters, end proceeding from the front to the rear r, to 
desienate the radh of carrrtnre of the snrface, J, to fi'j* 
the axial thickoesses, s, to j.j the axial separcions, n-, to 
Tip the indices of the indices ci refraction for the sodium 
likline and V, to tlie Abbe dispershm im.riberst the 
ncmcricil vnhxc cf S„ ssd S,, represec:, respectively, 
the spzcings ber&ees the first, second, ihi;^ and four-h 
componenis for three posiiions of the movable coa- 
penents as they are moved to provide cl least m inimum, 
intertaediatf., and zsaximnm iiizgEiScatioiis. 
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APPENDIX C 


COMPANY INFORMATION 


Information was requested from the following companies: 

Rank Precision Industries, Inc. 

All East Jarvis Avenue 
Des Planes, Illinois 60018 

Celestron International 
2835 Columbia Street 
Torrance, California 90503 

Fuji Optical Systems Inc. 

4855 Atherton Avenue 

San Jose, California 95130 

Arrlflex 

25-20 Brooklyn-Queens 
Expressway Uest 
Woodslde, New York 11377 

Angenleux 

7700 N. Kendall Drive 
Miami, Florida 33156 

Canon U. S. A. 

One Canon Plaza 

Lake Success, New York 11042 

Zoomar Optical Systems 
55 Sea Clift Ave. 

Glen Cove, New York 11542 


44 



TYPICAL LETTER 


Angenleux 

7700 N. Kendall Drive 
Miami, Florida 33156 


Dear Sirs, 


1 am looking for what is available, or modifiable, for a zoom lens 
to be used in a space mission. Could you please send any information, 
including optical system layout if possible, on any system which would 
come close to meeting the following specifications: 


Variable focal length 
Image size (on vidicon) 
F/number 
Spectral range 
Volume 

Back focal length 
Front focal distance 

Thank you. 


20 to 200 cm 
18.6x18.6 mm 
F/8 

400 to 1000 nm 
30 x 30 x 70 cm 

9 cm or more 

10 m to infinity 


Sincerely, 


Douglas W. Ricks 
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ANGENIEUX INC, 

120 Derry Road, P.O. Box 7 
Hudson, New Hampshire 03051 
Telephone: (603) 889-2116 
Telex: 94-3469 


16 July 1984 


UNIVERSITY OF ARIZONA 
Attn; Mr. Douglas W. Ricks 
Optical Sciences Center 
Tucson, Arizona 85721 


Dear Mr, Ricks; 


Mr. Juergen Schwinzer of Arriflex has forwarded your request for 
information on a zoom lens to be used in a space mission to my 
attention. 


Angenieux quality lens systems can very well meet your optical 
requirements. Enclosed please find dossier techniques and 
literature on the Angenieux 42X zoom lens for 1" and l^a" tube 
formats . 


If additional information is required, please do not hesitate 
to contact us. We welcome your continued interest in Angenieux 
products . 


Sincerely, 




ANGENIEUX^ INC. 
Henry A. Peterson 
EO Technical Sales 


HAP/ps 


Enc . 
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102284 A 


ANGENIEUX ZOOM 



42 X 32 E 11 

RENSEIGNEMENTS TECHNIQUES (suite) 
TECHNTSCHE DATEN -(Folge) 
TECHNICAL DATA (Continuation) 


Diametre d« la lentille avant 
Freier Durchm'esser’ der ersten linse 
Clear aperture front class 


Diametre de la lentille arriere 
Freier Durchmesser der letzen linse 
Clear aperture rear glass 


Diametre exterieur maximal 
Grosster Aussendurchmes ser 
Maximum, overall diam.eter 


Rotation des bagues de commande 
Stell ring 

Total angular ‘rotation 

1) Mise au point - Scharfe - Focus 

2 ) Z oom. 

3) lris-Blend e-Iris 


Couple maxim.al axe horizontal . 
Maximaldr ehmoment 
\;aximumi torque 

1) Mise au point - Scharfe - Focus 

2) Zoom (prise de mouvement) 

3) Iris - Blende - Iris 


Poids 

Gewicht 

\Veisht 


Monture neutre 
Neutral fassung 
Neutral mount 


Centre de gravitd 

par rapport au plan image dans I'air. 


1 80 X 160 mm 



220 X 190 m.m 


Deplacement : 24 mm 
188“ 

95“ 


'0, 7 cm kg 
cm kg 
0, 5 cm kc 


?Skg en version manueUe 
avec capot, avec platine 
sans pare -'soleil 



450 mm environ 
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ANGENIEUX ZOOM 



ENIELOC 


■ POOR 


FMGE N‘, 102283 

Q UAU T Y ' " 


RENSEIGNEMENTS TECKNIOUES 


TECHNISCKE DATEN 


TECHNICAL DATA 


42 X 32 Ell 


TV PUMBICON 1 

’1/4 

Distances Focales 


Brennv-eiten 

32 - T 344 mm 

F ocal lengths 

1 ,26" - 53 " 

Ouverture 


Cffnung 

f/2, 3 -7, 6 - f/26 

Aperture 


Diametre du champ image 

21,4 mm’ 

Bildfeld Durchmesser 

- 

Image field diameter 

0, 845 " 

Tirage optique (dans rair) 

64, 7 mm 

Schnittweite (in luft) 


Back focal length (in air) 

2,55 " 

Facteur photometrique 


Photometrischer faktor 

1 ■ 31 

Photometric factor 


Champ angulaire objet 

Diagonal 35° k 56' 

Bildfeld winket 

Horizontal 28°52a 46' 

Object angular field 

Vertical 22° a 34' 

Mise au point minimale 

4 m. 

1 Nahpunkt 


Shortest focusing distance 

■, 13 ft ■ 1 

Avec bonnettes 'n* 1 

1 

Mit vor satzlinsen . 'n^ 2 


Vith close-up lenses n" 3 

... - 

Plus petit champ objet 

37,4 X 49 , 6 mm 

Kleinstes bildfeld 

• 

Smallest object field 

1,47" X 1,95 " 

1 Avec bonnettes n’ 1 

1 ; 


Mit vor satzlinsen n* 2 


Vith close-up lenses n’ 3 



















?_^02272lA 


ANS£LM1£UX. 


COUR B EL -DE: I T RANSMISSION " SPEC-TRALEI 


0QM^2.>52. E_11 


JM: r 


LojT^ueLir. ci 


800 nm . = 0,4-5._: 

In i!re3 roL^e ! : : 

40n0 nm. ph ^ 0 2-2 
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ipenieux 

ne 5th, 1984 


CORPORATION OF AMERICA 
7700 N, Kendall Drive - Siiile 303 
Miami, Florida 33156 
Telephone: (305) 595-1144 
Telex: 80-8425 


ORIGHMAL PAGE 
OF POOR QUALITY 



le University of Arizona 
tical Sciences Center 
icson, Arizona 85721 


tn: Mr. Douglas V7. Ricks 
: Zoom Lens for Space Mission 


ar Sir: 

iter consulting with our factory in France in regards to your letter 
: May 22nd, we would like to propose the following lens. 


om 10x18 T2 lens which would cover the 21.4 mm format but back 
ical length will be 50 mm. To reach 90 mm back focal length, we 
be using a 10x40 T1 Zoom F/1.5. In this condition, the exact 
ocal distance would be 87.7 mm and the format 40 mm. Is this 
ceptable? 


J. j 


5 find that 18.6 x 18.6 mm is excessive in vidicon tubes. 


Lease advise us with reference to the above. Thank you for your 
iterest in Angenieux optics. 

Lncerely , 



3seph A. Martinez 
Lce President 

drl 



10 1144 mm 
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APPENDIX D 


PRELIMINARY REFRACTIVE DESIGN 


PRECEDING PAGE BLANK NOT FILMED 
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::::i Tipe 2. 
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REFRh'ITIVE ihdices 


SURF 

Ml 

U2 

H3 

114 

IT 5 

1 

1.620411 

1 . 638527 

1 . 603929 

1 . 000000 

1 . 000000 

3 

1 . 647689 

1 . 684065 

1 . 628939 

1 . 0LI0000 

1 . 000000 


1 . 620411 
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r 
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15 
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1 . 000000 

1 . 000000 

21 

1 . 64 1’boy 

1 . 684065 

1 . 628939 

1 . 000000 

1 . 00UOOO 

23 

1 . 620411 

1 .638527 

1 . 608929 

1 . UQ00O0 

1 . 000000 

CC AND 

ASPHERIC 

DATA 




SURF 

CC 

AD 

AE 

AF 


2 

2.95328E-I 

ai 





8 “b.73870E-QZ 

13 -3.50-lb8E-Ql 



15 -1.03376E 01 


PEF OBJ HT 

-0.b57999E 09 i 

EEL 

199.0144 


0.38 DG) 
BE 

9. 0000 


REF OP HT 
2.03541 


OBJ SURF 


PEF SURF 
13 


II1G SURF 

oc; 


F.'HBR 

7.96 


LENGTH 

69.999b 


GIH 

1.31. 


LEMS IS CURPEMTLl III CFG 1 


hLTERHhTE COHFIGURhTIOHS 


PflPHMETEP SURF CURRENT VALUE 


CFG 2: 

SAY 

PUC'i' 

PCV 

TH 

TH 

TH 

CFG 3: 

Sh i' 

RUlV 

PC',' 

TH 

TH 

TH 

CFG 4; 

ShV 

PUCV 


1 7.000000 

0 0.011743 

1 0.000000 

l2 5.696891 

18 11.874881 

6 22.585569 


1 ■ 3.937500 

0 0.020876 

1 0.000000 

12 11.661789 

13 11. 396253 

6 17.100021 


1 2.250000 

0 0.036533 



CFG 4: 



SAY 

1 

2 . 250000 





PUCY 

0 

0.036533 





PCY 

1 

0 . 000000 





TH 

12 

18.610517 





TH 

18 

10. 179426 





TH 

6 

1 1 . 368399 




CFG 5: 

Sh r' 

1 

1 . 250000 





PUCY 

0 

0 . 065894 





PC(- 

1 

0. 000000 





TH 

12 

27 . 467300 





TH 

18 

9.024772 





TH 

6 

3 . 666300 




NAVL HBR 
WAVELENG 
SPECTRAL 

TH 

WT 

1 

0.58756 
1 . 0000 

0. 40000 
1.0000 

3 

1 . 00000 
1 . 0000 

4 

0 . 00000 
1 . 0000 

cr 

0.00000 
1 . 0000 

APERTURE 

STOP AT 

SURF 13 





LENS UNITS ARE C 

M 





EVALUATION MODE 

IS FOCAL 





CONTROL 

WAVELENG 

TH IS 1 





PRIMARY 

CHROMATIC WAVELENGTHS ARE 2 - 

3 




SECONDARY CHROMATIC WAVELENGTHS ARE 2 - 1 
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APPENDIX E 


PEELIMINA&T CATADIOPTBIC DESIGN 



illrPOt-' 

Z'-j!l MITH FI EL 

D FLOTTEIIER 


Bins I C 
5UPF 
0 

LEH3 DhTh 
PD 

O.QOO00Q 0. 

TH 

1OOO0OE 12 

MEDIUH 

SIR 

1 

9319. 116000 
3 '3 39 . b 0969 4 

0.840301 

39.979709 

SCHOTT 

HIR 

3 

-90.411566 

- 3 9 . 9797 0 9 

REEL 

A 

-57 . 690563 

39.979709 

REEL 

cr 

b 

10 . 6 6 9 7 0 L 
47.410183 

0.799447 

13.039317 

SCHOTT 

HiR 

•-7 

1 ' 

8 

196.67l961 

-14.010775 

0. 735270 
0.200386 

SCHOTT 

HiR 

9 

10 

-7 . 931797 
-11 . 157716 

0 . 335593 
0.000000 

SCHOTT 

HIR 

11 

13 

9. 910903 
-30. 350031 

0.947291 
0. 123377 

SCHOTT 

HIR 

13 

14 

-9.033873 

6.973849 

0.337031 
0. 100838 

SCHOTT 

HIR 

15 

lb 

8. 383768 
-9. 133521 

0.605227 

22.225798 

SCHOTT 

HIR 

IT 

IS 

13.414584 
-13. 376381 

0.416382 

0.057877 

SCHOTT 

HIR 



Pll 

DF 

BK7 

1 . 516800 

0. 311 


LhK8 

1 .71300 3 

-0.006 

1© 0 

SI 16 

1.620411 

-0.035 

© 1 

2 $ 
^ r 

SF4 

1 . 755201 

0.981 

(O 

e ^ 
> Q 

im. 

LHK9 

1 . 69100 3 

-0 . 000 


F2 

1 . 63004 1 

0.935 


LHK8 

1 .713003 

-0.006 


LHK8 

1 .713003 

-0.006 




19 

20 

-13. 318'380 
8 . o 8 8 9 4 4 

0.256452 
8 . 700000 

SCHOTT 

AIR 

LLFl 

1 . 548141 

0.973 

21 

L_ 

-2. 895609 
0. 000000 

0. 300000 
0.000000 

SCHOTT 

AIR 

LLFl 

1 . 548141 

0.973 

23 

0 . 000000 

0 . OQOOOQ 

AIR 




PEFRAi 

ITIVE IIIDICES 






SURF 

IFl 

112 

113 

114 

115 



1 

1 . 516300 

1 . 526635 

1 . 512894 

c: 

1 .713003 

1 . 7294 37 

1 . 706678 

7 

1 

1 . 620411 

1 . 63 3122 

1.615479 

9 

1.755201 

1 . 791202 

1.742997 

1 1 

1 . 691003 

1 . 706673 

1.684977 

13 

1.620041 

1 . 642015 

1.61 2268 

15 

1 .713003 

1 . 7294 37 

1 . 706676 

17 

1 . 713003 

1 . 729437 

1 . 706678 

19 

1.548141 

1 . 563323 

1.542563 

21 

1 . 548141 

1 . bb3 32 3 

1 . 542563 

L AND 

ASPHERIC DATA 


■URF 

CC 

AD 

AE 


6.35041E 04 



3 - 

5 . 16264E-01 



4 

1.51502E 00 



17 - 

1 . 18594E 00 




7c;c'c2u 

H -'7CC.:o 
O I- I 

t 4 1* o U 


1 
1 
1 
1 

1 . 699794 
1 . 637'0a3 
722230 
722220 
956546 
556546 


1 . 5 1 4 32 3 
i . I U o 9 7 5 
1 . t« 1 I'' li I 3 
1.747297 
1 . 687163 
1 . 615033 
1 . 708975 
1 . 708975 
1.544566 
1 . 544566 


hF 


Hb 


CLFOR APERTURES AND OBSTRUCTIONS 


§5 3D¥d 




EUPF 
Z »OBj 

3 (OBj 

4 


TYPE 

CIPCLE 

CIPCLE 

CIRCLE 

CIRCLE 


b CIRCLE 


ChY ChX 

4. 3500 
3 . 4500 
4 . 3500 
3.4500 
3.4500 


PICKUPS 


SURF TYPE 

3 TH 

4 TH 


H 

- 1 . 0000 
1 . 0000 


B 

0.000000 

0.000000 


REF OBJ HT 



REF HP HT OBJ SURF PEF SURF 

-0.657597E 09 ( 

0. 

38 Di 

b ) 1 2 . 4 308 3 0 3 

EFL 

BF 


F NBR LENGTH GIH 

-196.1110 

0. 

0000 

-7.84 79.0000 -1.3152 

LENS IS CURRENTLY 

IN 

CFG 

1 

hlternhte configurht ions 


phrhneter 

_P 

urf 

CURRENT VALUE 

CFG 2: 




SHY 


1 

7 . 880000 

PUCY 


0 

0.011743 

PCY 


1 

0.000000 

TH 


b 

4.72628b 

TH 


10 

14.330409 

TH 


lb 

15 . 158346 


IMG SURF 
23 



CFG 3: 




SAY 

1 

5 . 680000 


PUCY 

0 

0.020876 


PCY 

1 

0 . 000000 


TH 

b 

8.249708 


TH 

10 

1 6 . 3007 68 


TH 

lb 

7.714525 


CFG 4: 




SAY 

1 

4 . 730000 


PUCY 

0 

0 . 0 360 3 3 


PCY 

1 

0. 000000 


TH 

b 

27 . 499407 


TH 

10 

4 . 767607 


TH 

16 

1 . 998033 


NAVL HER 

1 


3 

WAVELENGTH 0. 

58756 

0. 43584 

0.70652 

SPLC I PAL WT 1 

. 0000 

1 . 0000 

1 . 0000 

APERTURE STOP AT S 

URF 3 



LENS UNITS ARE CM 




evaluation mode is 

F GCAL 



CONTROL WAVELENGTH 

IS 1 



PRIMARY CHROMATIC 

WAVELENGTHS ARE 2 - 

3 


SECOMDi^RY CHROMhiTIC WAVELENGTHS ARE 2 - 1 


4 

0 . 486 1 3 
1 . 0000 


0 . 

1.0000 


CTi c..n 







o. 

o 

o 

o 

o 

o 

li. 
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CriTi^DIOPTRIC ZOOM. ZO0Q MM FOCHL LENGTH. 



77 


SHORTEST FOCAL LEHGTH (367 MM) CONFIGURAT lOM . 




THHdHTinL SneiTTHL 



79 


riM FOCrtL LENGTH CONE I GURHT ION . PLOT SChLE .05 CM. 



TnHHMTinL SnEITTHL 
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THMEEMTOTL SnErTTHL 
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- 0 . 054000 



METRIC 

OTF: FO 

CoS = - 

ThPGET: 

; 51 

0 DG 

FREO 

MuD 

PHh 

0 . 0 

1 . 000 

0.0 

1 . 0 

0.991 

0.0 

2.0 

U .964 

0.0 

3.0 

0.920 

0.0 

4 . 0 

0. 861 

0 . 0 

5.0 

0.791 

0 . 0 

b. 0 

0.712 

0. 0 

7.0 

0.623 

0.0 

8.0 

0.54 3 

0.0 

9.0 

0.461 

0.0 

10.0 

0. 383 

0.0 

11.0 

0.314 

0.0 

12.0 

0.255 

-0.0 

13.0 

0.208 

-0.0 

14.0 

0. 174 

-0.0 

15.0 

0.151 

-0.0 

16.0 

0.140 

-0.0 

17.0 

0.139 

-0.0 

18.0 

0. 145 

-0.0 

19.0 

0.157 

0.0 

20.0 

0. 172 

0.0 

21.0 

0.188 

0. 0 

22.0 

0.201 

0.0 

23. 0 

0.210 

0.0 

24.0 

0.214 

0.0 

25 . 0 

0.211 

0.0 

26 . 0 

0. 200 

0.0 

27.0 

0. 182 

0.0 

28.0 

0. 157 

0.0 

29.0 

0. 126 

0.0 

30.0 

0.091 

0.0 
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-0. 05-4000 



00 


bEOMETPIC OTF: EOlUS = 

T0PGET: 0 DG 


EPEQ 

HOD 

PHh 

0.0 

1 . 000 

0.0 

1.0 

0.978 

-0.0 

3.0 

0.915 

-0.0 

3.0 

0. 833 

-0.0 

4.0 

0.713 

-0.0 

5.0 

0 . 603 

-0.0 

6.0 

0. 506 

-0. 0 

7 . 0 

0.434 

-0.0 

8.0 

0. 393 

-0. 0 

9.0 

0. 378 

-0.0 

10.0 

0 . 386 

-0.0 

11.0 

0. 406 

-0. 0 

13.0 

0.436 

-0.0 

13.0 

0. 439 

-0.0 

14.0 

0.436 

-0.0 

15.0 

0.415 

-0 . 0 

16.0 

0. 373 

-0.0 

17.0 

0. 339 

-0.0 

18.0 

0. 374 

-0.0 

19.0 

0.319 

-0.0 

30.0 

0. 170 

-0.0 

31.0 

0.131 

-0.0 

33.0 

0. 104 

-0.0 

33.0 

0 . 039 

-0. 0 

34.0 

0 . 035 

-0.0 

35 . 0 

0.089 

-0.0 

36.0 

0.099 

-0.0 

37.0 

0.111 

-0. 0 

38.0 

0. 134 

-0.0 


39.0 0.133 -0.0 


_ 30.0 0.137 -0.0 


45 DG 


HOD 

1 . 

000 

0. 

949 

0. 

818 

0. 

660 

0. 

533 

0. 

435 

0. 


0. 

326 

0. 

314 

0. 

313 

0. 

396 

0. 

358 

0. 

306 

0. 

156 

0. 

116 

0. 

096 

0. 

103 

0. 

106 

0. 
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